We report the experimental observation of room-temperature perpendicular magnetic anisotropy in Ni/Pt multilayers having 7-26 Å Ni and 2.3-4.6 Å Pt layer thicknesses, prepared by dc magnetron sputtering on glass substrates at 7 mTorr Ar sputtering pressure. Perpendicular magnetic anisotropy was found to be sensitively dependent on both Ni-and Pt-layer thicknesses, and a maximum anisotropy energy of 1.74ϫ10 5 erg/cm 3 was obtained for (16 Å Ni/2.3 Å Pt) 30 multilayer. Interestingly, magnetization measurements revealed that about two atomic layers of Ni at the interface were magnetically dead in our samples.
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One of the most interesting issues relating magnetism at surfaces and interfaces is to investigate the magnetic anisotropy which determines the preferred orientation of magnetization direction relative to the crystal axis. From both fundamental and technical viewpoints there have been particular interests in searching for magnetic thin films having roomtemperature perpendicular magnetic anisotropy ͑PMA͒, where magnetization is perpendicular to the film plane. For this purpose, magnetic multilayers prepared by alternate deposition of transition metal ͑Fe, Co, or Ni͒ and nonmagnetic element have been extensively investigated. Most Co/X multilayers, where Co layer was only a few atomic layers thick and XϭPd, Pt, Au, Ag, V, etc., [1] [2] [3] have been shown to exhibit a strong perpendicular magnetic anisotropy. Similar observations have been reported in Fe/X multilayers where XϭAg, Au, Pt, and Pd. [4] [5] [6] [7] Possible explanations for a strong PMA in Co-and Fe-based multilayers include the Néel's surface anisotropy due to lowered symmetry at an interface 8 and enhanced magnetocrystalline anisotropy due to altered electronic structure 9, 10 in a multilayer. Hence, a positive interface contribution overcoming negative volume contribution yields PMA in those systems.
Contrastively, most Ni-based multilayers have been reported to exhibit in-plane anisotropy and no perpendicular magnetic anisotropy at room temperature has been reported yet, even though Krishnan et al. have reported the observation of PMA in Ni/Pt multilayers at very low temperature of 5 K. 11 A theoretical investigation by Gay and Richter has predicted in-plane anisotropy for monolayer Ni. 12 In this letter we report room-temperature perpendicular magnetic anisotropy in Ni/Pt multilayers, together with their magnetic properties.
Ni/Pt multilayers were prepared on glass substrates by sequential dc magnetron sputtering of Ni and Pt at an Ar sputtering pressure of 7 mTorr and an applied power of 30 W to each target. The deposition rates achieved under these process conditions at a substrate-to-target distance of 75 mm were 1.0 Å/s for Ni and 3.25 Å/s for Pt. The thickness of the nickel layer was varied from 2 to 26 Å, while the platinum layer thickness was varied from 2.3 to 4.6 Å. The actual layer thicknesses could be achieved within a variation of Ϯ5% from the nominal thickness. The number of bilayer repeats was fixed at 30.
The rationale to choose much larger Ni-layer thickness than Pt layer one is as follows: the onset point for ferromagnetism in NiPt alloys at room temperature is about 42% of Ni and the Curie temperature shows almost linear dependence on Ni concentration beyond this point. 13 Moreover, the Curie temperature of thin film is generally lower than that of bulk counterpart. The samples will be designated by (t Ni Å Ni/t Pt Å Pt) n , where t Ni and t Pt are the thicknesses of nickel and platinum layers, respectively, and n is the number of bilayer repeats.
All Ni/Pt multilayers in this study showed peaks characteristic of the multilayer structure. A typical low-angle x-ray diffraction pattern for (17 Å Ni/4.6 Å Pt) 30 multilayer is shown in Fig. 1 , where the first-and second-order maxima at 2ϭ3.8°and 7.6°, respectively, reflects a periodicity of 21. Å of the multilayer. The major Bragg diffraction peak around 2ϭ42.6°as seen in the inset of Fig. 1 indicates a strong fcc ͑111͒ texture of the sample. We have observed that the average ͓111͔ d spacing of the multilayer along the growth orientation decreased with increasing the nickel layer thickness. This result is expected since the d spacing of Ni is smaller than that of Pt. The torque measurements of our Ni/Pt multilayers revealed that most samples, except the samples with t Ni р6 Å, had perpendicular magnetic anisotropy. A typical torque curve for (26 Å Ni/3 Å Pt) 30 multilayer, revealing perpendicular magnetic anisotropy, is demonstrated in Fig. 2 . No torque curves were observed for the samples having t Ni р6 Å, which suggests that the Ni layers in those samples are magnetically dead as will be discussed later. The effective anisotropy energy was found to be sensitively dependent on both Ni-and Pt-layer thicknesses. The largest effective anisotropy energy of 1.74ϫ10 5 erg/cm 3 was obtained for the (16 Å Ni/2.3 Å Pt) 30 multilayer among our samples, which is larger by a factor of 10 than a typical value of the magnetocrystalline anisotropy of bulk Ni along ͓111͔ orientation.
In Fig. 3 we show the dependence of the effective anisotropy energy K u on the Ni layer thickness t Ni for a series of (t Ni Å/3.0 Å Pt) 30 multilayers, together with a plot of K u vs t Pt for the samples with a constant t Ni of 16 Å in the inset. Here, the effective anisotropy energy K u was determined from an analysis of a torque curve measured at an applied field of 10 kOe. As seen in the figure, K u increases with the Ni-layer thickness until it reaches to a maximum at about t Ni ϭ16 Å and then, it decreases with t Ni . Similar dependencies on the Ni-layer thickness were observed for samples with different Pt-layer thicknesses of 2.3 and 4.6 Å.
The effective anisotropy energy K u associated with a magnetic multilayer has been modeled phenomenologically by consideration of a volume term K v , independent of magnetic layer thickness t, and an interface term K s , proportional to 1/t. In this model K u obeys the relation of K u ϭK v ϩ2K s /t and thus, one could expect a linear relationship in the plot of K u t vs t, if K v and K s were independent of t. Most Co-and Fe-based multilayers so far reported have exhibited such linear behavior except in the region of extremely thin magnetic layers. 7 In those systems, a positive K s is responsible for an observed perpendicular magnetic anisotropy. However, interestingly enough Ni/Pt multilayers in this study were found to exhibit a nonlinear behavior as demonstrated in Fig. 3 . This nonlinear behavior indicates that an interface contribution is negligible and the volume term is responsible for the observed PMA in this system.
The volume anisotropy K v is composed of the magnetocrystalline anisotropy K c , the magnetoelastic anisotropy K e , and the shape anisotropy K d . The shape anisotropy, given by 2M s 2 for a perfect uniform film, favors in-plane magnetization. Hence, the sum of K c and K e should overcome a negative contribution of K d to yield PMA in a multilayer. It is clear that K c does not play a major role to result in PMA in our Ni/Pt multilayers, since K c is expected to be smaller than a bulk Ni value of 4.5ϫ10 4 erg/cm 3 . When the lattice mismatch is much larger than the magnetostriction coefficient as in Ni/Pt multilayers, K e is given by K c ϭϪ3/2, where is the magnetostrictions coefficient and is the stress in the Ni layer. It is natural to expect a tensile stress in the Ni layer, since the d spacing of Ni at the ͑111͒ matching plane is 10% smaller than that of Pt. Indeed, delicate in situ stress measurements of Ni/Pt multilayers using an optical displacement detector 14 revealed a tensile stress of 1.0-2.5ϫ10 10 dyne/cm 2 in the Ni layer, where its magnitude was dependent on the thicknesses of both Ni and Pt layers. Measurements of the magnetostriction coefficients of our samples revealed that the magnetostriction coefficient was negatively increased with the Ni layer thickness until it reached to the saturation value of Ϫ2.4ϫ10
Ϫ5 . Therefore, it is strongly believed that a positive magnetoelastic anisotropy overcoming a negative contribution of the shape anisotropy is responsible for observed PMA in our samples. The magnetostriction was found to be more sensitively changed with the variation of the layer thickness than stress and thus, it governed the dependence of the magnetoelastic anisotropy on t Ni and t Pt : An increase of K u with t Ni for t Ni р16 Å in Fig. 3 is mainly caused by an increase of the magnetostriction coefficient and also, a decrease of the magnetostriction coefficient is a major cause of decreasing K u with t Pt in the inset of Fig. 3 .
The decrease of K u with t Ni for the Ni-layer thickness larger than 16 Å as seen in Fig. 3 could not be explained by only considering the magnetoelastic contribution, since the magnetoelastic anisotropy was observed to be slightly decreased with t Ni . To understand the decrease of K u , magnetization was measured using a vibrating sample magnetometer in the applied field range of Ϫ6ϳ6 kOe. It is worthwhile to mention that the saturation magnetization of the samples with t Ni р6 Å was found to be zero within an experimental error. However, for the Ni layers thicker than 6 Å the saturation magnetization M s was observed to monotonously increase with t Ni . Since the shape anisotropy due to the demagnetization energy is proportional to M s 2 , such dependence of M s on t Ni is responsible for the decreasing behavior in K u with t Ni for thick Ni layers.
Interestingly, the saturation magnetization M s ͑per Ni volume͒ was found to show a 1/t Ni dependence of M s as illustrated in Fig. 4 , which implies the existence of magnetically dead Ni layers in our samples. It is well known that the proximity of a nonmagnetic metal suppresses the magnetic moment of some elements depending on the extent of overlap of magnetic metal's d band and nonmagnetic metal's conduction band wave functions. Tersoff et al. in a study of magnetic and electronic properties of Ni films concluded that increased sp-d hybridization led to suppression of Ni magnetization when a Ni atom was adjacent to noble or normalmetal atoms. 15 The thickness of this nonmagnetic or less magnetic layer at each interface could be estimated using the phenomenological relation, M s ϭM 0 (1Ϫ2␦/t Ni ), where M s is the saturation magnetization of a multilayer, M 0 is the saturation magnetization of bulk Ni, and ␦ is the thickness of nonmagnetic layer. From Fig. 4 16 within an experimental error. The estimated thickness of the nonmagnetic layer tells that about two atomic layers of Ni at each interface are magnetically dead. The observation of magnetically dead Ni layers at the interfaces is consistent with our earlier interpretation that the interface contribution to PMA in our Ni/Pt multilayers is negligible. We conjecture that the magnetic dead layers come from suppression of Ni magnetic moments due to sp-d hybridization of Ni and Pt atoms at the interface.
The coercivity H c of the samples showing PMA varied from 500 to 1100 Oe, depending on the Ni-and Pt-layer thicknesses. With increasing t Ni , H c was found to initially increase and then, decrease after a maximum H c . The coercivity was relatively insensitive to the Pt-layer thickness. 
